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Two-component system SaeRS of Staphylococcus regulates virulence factor expression through phos-
phorylation of the DNA-binding regulator SaeR by the sensor histidine kinase SaeS. Here crystal struc-
tures of the DNA-binding domain (DBD) of SaeR from two Staphylococcal species Staphylococcus
epidermidis and Staphylococcus aureus were determined and showed similar folds. Analyzing the DNA
binding activity of three mutants of SeSaeR, we observed that Thr217 is important in binding to the
phosphate group of DNA and Trp219 may interact with the base pairs. Additionally, the tandem
arrangement of DBD may represent a possible way for SaeR oligomerization on DNA.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The bacterial genus Staphylococci includes over 40 species that
colonize the host skin and mucosal surfaces [1]. As a major culprit
of serious human infections, the species Staphylococcus aureus has
been extensively studied [2]. The bacteria are found to evolve fast
with altered drug susceptibility, among which methicillin-resistant
S. aureus (MRSA) is especially problematic. In comparison, the
species Staphylococcus epidermidis commonly maintains a benign
relationship with its hosts. However, with compromised immunity,
some patients are at a high risk of infection upon the use of
intravascular catheters and indwelling prosthetic devices.
Virulence factor expression in pathogenic bacteria is usually
controlled by two-component systems (TCSs), which are common
pathways for bacterial signal transduction through sensor histidine
kinases and response regulators. SaeRS in Staphylococci belongs to
the OmpR/PhoB subfamily of TCSs. The DNA-binding regulator SaeR
is phosphorylated by the sensor SaeS and activates protein
expression at transcriptional level [3]. SaeRS controls several. Chen).
Inc. This is an open access article uvirulence genes including coagulase, hemolysin, and ﬁbronectin-
binding proteins in S. aureus [4]. This system is also involved in
the transition between aerobic and anaerobic growth and the
mediation of acute inﬂammation in S. epidermidis [5].
Although the SaeR proteins are highly homologous among
Staphylococcus species (85% identity in S. aureus and
S. epidermidis), the S. aureus SaeR (SaSaeR) prefers binding to DNA
with a perfect direct repeat sequence (GTTAAN6GTTAA) [6],
whereas the S. epidermidis SaeR (SeSaeR) favors DNA sequences
with a single nucleotide difference (GTTAAN6TTTAA) [7]. To inves-
tigate the underlying reasons of the DNA sequence speciﬁcity dif-
ference between the two SaeR proteins, we solved the crystal
structures of the respective DNA binding domain (DBD), which can
help understand their interactions with DNA. We also made a few
mutations of SeSaeR at the predicted protein-DNA interface to
verify the binding mode.
2. Material and methods
2.1. Protein expression, puriﬁcation and crystallization
The SeSaeR-DBD protein (residues 129e229 plus a capping Met
and a trailing His-tag) was produced as described previously [8].nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Data collection and structural reﬁnement statistics for the SaeR-DBD crystals.
SeSaeR-DBD SaSaeR-DBD
Data collection
Wavelength (Å) 1.000 1.000
Space group P212121 P212121
Unit cell 34.2, 53.7, 111.6 31.9, 61.0, 116.7
Resolution range (Å)a 30.0e2.15 (2.23e2.15) 30.0e2.35 (2.43e2.35)
Total observations 79,346 (7578) 64,948 (5370)
Unique reﬂections 11,686 (1131) 9992 (959)
Completeness (%) 99.1 (99.8) 99.6 (97.2)
I/s <I> 55.88 (12.68) 19.7 (3.8)
Rmerge (%) 3.1 (15.2) 9.4 (34.1)
Reﬁnement
Resolution range (Å) 29.1e2.15 (2.28e2.15) 29.5e2.35 (2.43e2.35)
Reﬂections (F > 0 sF) 11,653 (1127) 9952 (935)
Rcryst (%) for 90% data 20.3 (19.3) 19.4 (25.9)
Rfree (%) for 10% data 25.8 (24.0) 26.4 (35.5)
RMS deviations
Bond lengths (Å) 0.007 0.009
Bond angles () 1.18 1.16
Average B-factors (Å2)
Protein atoms 32.3 42.5
Water molecules 35.4 43.8
Model content
Protein residues 196 192
Water molecules 91 36
Ramachandran plot (%)b
Most favored 97.4 97.8
Allowed 2.6 2.2
a Numbers in parentheses are for the highest resolution shells.
b Calculated by using MolProbity.
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chain reaction (PCR) and incorporated into the vector pET21b,
which was then transformed into Escherichia coli BL21 (DE3) for
overexpression. The recombinant protein was puriﬁed by using a
Ni-NTA column. Likewise, the cDNA of SaSaeR-DBD (residues
128e228) was ampliﬁed by PCR using primers 50- GGG AAT TCC
ATA TGG AAC AAC TGT CGT TTG AT -30 and 50- CCG CTC GAG TCG
GCT CCT TTC AAA -30, cloned into the pET21a vector, and expressed
as a recombinant protein in E. coli BL21 (DE3) cells. The bacteria
were grown at 37 C for large-scale production, and the conditions
for purifying the recombinant SaSaeR-DBD were the same as those
for SeSaeR-DBD. The puriﬁed protein was concentrated to
30 mg mL1 in a buffer of 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 5%
glycerol, 2 mM tris(2-carboxyethyl)phosphine hydrochloride. After
analysis by SDS-PAGE for purity, it was stored at 4 C for crystalli-
zation and other experiments.
Crystals of SeSaeR-DBD were obtained by using the sitting-drop
vapor-diffusionmethod and a reservoir solution of 0.1M Bis-Tris pH
5.3, 23% (w/v) PEG 3350, and 0.2 M MgCl2 as described previously
[8]. The SaSaeR-DBD crystals were obtained by the hanging-drop
vapor-diffusion method using 1 mle1 ml mixtures of protein and
reservoir solutions. After screening and optimization, the crystals
grew as prisms in a reservoir of 5% (v/v) Tacsimate, 0.1 M HEPES, pH
7.0, and 10% (w/v) PEG 5000, and reached dimensions of
0.05  0.05  0.5 mm within three weeks.
2.2. Data collection and structure determination
Single crystals of SeSaeR-DBD and SaSaeR-DBD were immersed
in 15% (v/v) glycerol solution as a cryoprotectant for 30 s before
ﬂash-cooled to 100 K in a gas-nitrogen stream. The diffraction
datasets were collected at the BL13B1beamline of the National
Synchrotron Radiation Research Center, Hsinchu, Taiwan. The dis-
tance between the crystal and detector was set to 300 mm and the
oscillation angle was 1.0, with 180 frames collected in total. All
datasets were integrated and scaled by using HKL2000 [9]. The data
collection statistics are summarized in Table 1.
The SeSaeR-DBD structure was solved by molecular replace-
ment, using AutoMR in PHENIX [10]. The structure of VicR-DBD
(PDB 2HWV) [11], found by NCBI BLAST, was employed as the
search model. The SaSaeR-DBD structure was subsequently solved
by using SeSaeR-DBD as the template. The models were ﬁrst
modiﬁed by using AutoBuild in PHENIX and then corrected
manually against omit maps by using Coot [12]. Overall quality of
the models was assessed by MolProbity [13]. The atomic co-
ordinates and structure factors have been deposited in the Protein
Data Bank with the accession codes 4IXA (SeSaeR-DBD) and 4U88
(SaSaeR-DBD).
2.3. Site-speciﬁc mutation and electrophoretic mobility shift assay
(EMSA)
SeSaeR-DBD mutants were generated according to the Quik-
Change Site-Directed Mutagenesis kit protocol (Stratagene,
LaJolla, CA, USA). The presence of the mutationwas veriﬁed by DNA
sequencing. The protein EMSAs were performed and described as
follows. Brieﬂy, [g32P] ATP (6000 Ci/mmol; PerkinElmer Life Sci-
ences) and T4 polynucleotide kinase (Promega, Madison, WI, USA)
were incubated for radiolabeling of the oligonucleotides (50-
GTTAAATCATATTTAA-30, 50-TTAAATATGATTTAAC-30). The two
radiolabeled oligonucleotides were annealed by brief heating at
95 C for 5min and subsequent cooling slowly to room temperature
overnight in a solution containing 20 mM Tris-HCl (pH 8.0) and
100 mM NaCl. Puriﬁed proteins at various concentrations (0, 3, 6,
12, and 24mg/mL)were incubatedwith 1.7 nM radiolabeled DNA at25 C for 30 min in a solution of 20 mM Tris-HCl (pH 8.0) and
100 mM NaCl. Aliquots (5 mL) were removed from each reaction
solution and resolved on 8% native polyacrylamide gel at 4 C in TBE
buffer (89 mM Tris borate and 1 mM EDTA). Finally, the binary
protein-DNA complexes were visualized by autoradiography.
3. Results and discussion
3.1. Overall structure and major groove interactions
The crystal structure of SaSaeR-DBD is almost identical to that
reported recently by Fan et al. [6,14] and the crystal structure of
SeSaeR-DBD is also very similar. The reﬁned models are evaluated
in Table 1. Each asymmetric unit contains two SaeR-DBD mono-
mers. Each monomer folds into an N-terminal antiparallel b-sheet
of strands b1eb4 and a C-terminal winged helix-turn-helix (wHTH)
motif of b6eb7 and a2ea3, which are connected by a central helix
a1 and strand b5 (Fig. 1(A)). The SaeR-DBD monomers differ from
one another by root-mean-square deviations (rmsd) of 0.22e0.38 Å
for 79e89 pairs of Ca atoms (Table S1). The largest deviation is seen
in the connecting loop between helices a2 and a3 of the wHTH
motif (Fig. S1). The loop was visible only in one of the two mono-
mers in each crystal. The loop ﬂexibility is probably because the
DBD is not bound to DNA.
Since SaeR-DBD contains a wHTH motif, it is supposed to
interact with the major groove of DNA via the recognition helix a3,
which may form a sequence-speciﬁc hydrogen bonding network
with the core base pairs of the operator DNA. Helix a2 and the loop
may also bind to the DNA but not as tightly. If any one of the four
SaeR-DBD models is superimposed on the DNA complex structure
of E. coli PhoB (PDB 1GXP) [5,15], the loop will bump into the sugar-
phosphate backbone of DNA. Consequently, loop movements
should be required for proper interactions with DNA upon binding.
Interestingly, the most prominent positively charged region on the
surface of SaeR-DBD is not formed by the wHTH but located at the
Fig. 1. (A) Ribbons diagram of SeSaeR-DBD. The model is spectrum colored from N terminus (blue) to C terminus (red). Strands b1eb4 form the N-terminal sheet and strands b6eb7
form the C-terminal wing. Helices a2 and a3 form the helix-turn-helix motif, which is connected to the N-terminal sheet by helix a1 and strand b5. (B) DNA interactions with the
wing. The two protein chains in SeSaeR-DBD crystal, colored purple and blue, are superimposed on that of PhoB (green) in complex with DNA (orange). Prominent conformational
differences are seen in the side chains of His199 (helix a3) and Trp219 (wing). The side chains of Arg202 and Thr217 are similar to those in PhoB. (C) EMSA results of SeSaeR-DBD
mutants. In the upper panel is the SDS-PAGE analysis of the three mutants R202A, T217A and W219A. On the left side are the wildtype protein (WT) and markers. In the lower panel
are the EMSA results. In each experiment the protein concentrationwas increased from left to right. The control lane (e) used only DNA. (For interpretation of the references to color
in this ﬁgure caption, the reader is referred to the web version of this article.)
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the DNA’s phosphate group (Fig. S2).
3.2. Potential residues for minor groove interactions
On the other hand, the wing region of SaeR-DBD is supposed to
interact with the adjacent minor groove of DNA. Aside from the
ﬂexible loop, no signiﬁcant difference was observed in the protein
backbone. There are nevertheless variations in the side chain con-
formations. Especially notable is that of Trp219 (SeSaeR numbering;
equivalent to Trp218 in SaSaeR) in the wing region, which has two
distinct orientations. In the PhoB-DNA complex, the corresponding
Arg219 side chain shows a different orientation from those of
Trp219 and reaches into the minor groove to interact with the DNA
base pairs by stacking and hydrogen bonding (Fig. 1(B)). Based on
the conformation of Arg219 in PhoB-DNA complex, the side chain of
Trp219 of SeSaeR can be rotated to make the similar interactions
upon DNA binding.
Another outstanding difference of side chain orientation is
observed for His199 of SeSaeR, located in the middle of helix a3
(Fig. 1(B)). The equivalent residue in PhoB is an Arg200, which in-
teracts with the phosphate group of DNA. While one orientation of
His199 is similar to Arg200, the other orientation is also well posi-
tioned for phosphate binding. Located between His199 and Trp219,
the nearby side chains of Arg202 and Thr217 may bind directly to a
phosphate group of DNA, as observed for the identical residues in
PhoB (Fig. 1(B)). Interestingly, no major backbone rearrangement is
required in the wing region of SaeR upon DNA binding.
3.3. Effects of three point mutations on DNA afﬁnity
To investigate the functions of the above DNA-interacting amino
acid residues in SeSaeR-DBD, three mutants including R202A,T217A andW219Awere produced and characterized for their DNA-
binding strength by using EMSA. The variant proteins were over-
expressed and judged 95% pure by SDS-PAGE analysis (Fig. 1(C)). As
expected, a DNA shift appeared at the appropriate concentration of
wild-type SeSaeR-DBD for DNA binding (Fig. 1(C)). The mutation of
R202A could reduce its DNA binding ability and the DNA shift only
could be detected at a higher concentration of 24mg/mL (Fig. 1(C)).
In contrast, both T217A and W219A seemed completely unable to
form a proper DNA complex.
These results suggest that the side chain of Trp219 indeed un-
dergoes conformational change upon DNA binding and the indole
group is important for the DNA afﬁnity. If it maintains one of the
observed conformations in the SeSaeR-DBD crystal upon DNA
binding, the unfavorable side chain clashes with the DNA atoms
would be relieved in the mutant W219A. The results also indicate
that the more rigid side chain of Thr217 is indispensable for DNA
binding, probably by ﬁxing a phosphate group. In comparison, the
positively charged and more ﬂexible side chain of Arg202 (equiv-
alent to Arg201 in SaSaeR), which is supposed to interact with the
same phosphate, seems not as necessary. Consistent with our data,
Fan et al. showed that the mutants H198A, R201A and W218A of
SaSaeR lost their original DNA binding afﬁnity.3.4. Oligomerization mode suggested by lattice packing
In spite of the different crystallization conditions, both SaSaeR-
DBD and SeSaeR-DBD crystallized in the same space group with
similar unit-cell dimensions. One monomer in each crystal is lined
up with its neighbors along the unit cell a-axis, which is 32e34 Å in
length and correlates well with the spacing between adjacent
major grooves of DNA. The recognition helix a3 is exposed on one
side of the SaeR-DBD array (Fig. S3). The angles of 45e60 between
the helical axis and the crystallographic axis may also correlate
Fig. 2. Difference in SeSaeR and SaSaeR. The interactions of the N-terminal b-sheet (green) with the wing region (cyan) of the neighboring monomer in the linear array (Fig. S3) are
compared for (A) SeSaeR-DBD and (B) SaSaeR-DBD. The contacting side chains are labeled, which are virtually identical for the wing residues (cyan). In (C) the N-terminal sequences
of these two DBDs are aligned. The residue numbers are for SeSaeR. The b-sheet shows only about 50% identity, in contrast to the overall 85% for full-length SaeR. (For interpretation
of the references to color in this ﬁgure caption, the reader is referred to the web version of this article.)
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DNA. Only minor rearrangements are required for the SaeR-DBD
array to ﬁt onto a DNA double helix.
In the PhoB-DNA complex, the N-terminal b-sheet of one
monomer interacts with the C-terminal b-sheet (i.e., thewing) of its
neighbor, which binds to a downstream promotor sequence of DNA
[15]. Similar contacts are seen between the SaeR-DBD molecules
along the unit-cell a-axis. A closer inspection of the SaeR-DBD
interface, however, shows slightly different interactions for SeS-
aeR-DBD and SaSaeR-DBD (Fig. 2(A,B)). In SeSaeR-DBD crystal the
exposed side chains of Val172, Val218 and Leu221 in the wing re-
gion form a nonpolar surface patch, which shows hydrophobic in-
teractions with the side chains of Ile150 and Ile152 in the N-
terminal region of the neighboring molecule. These two isoleucine
residues are replaced by the polar His149 and a smaller Val151 in
SaSaeR. Although the inter-monomer contact also involves the
same surface patch of the wing in the SaSaeR-DBD crystal, it in-
teracts with Pro152 and Arg154 rather than His149 and Val151 of
the neighboring molecule.
4. Conclusions
In this study we determined two crystal structures of SaeR-DBD.
Each monomer folds into an N-terminal four-stranded b-sheet, a
central a-helix, and a C-terminal winged helix-turn-helix motif.
While the loop region of the HTH motif should be shifted in the
peptide backbone upon DNA binding, the wing region may remain
the same as the unbound form. The side chains of Thr217 and
Trp219 of SeSaeR-DBD are important in DNA binding, as shown by
mutations and EMSA. On the other hand, Arg202 seems not a
stringent requirement.
In both crystals head-to-tail arrays of the SaeR-DBD monomers
are observed, which may represent a similar means of oligomeri-
zation for binding in tandem to DNA. The overall sequences of
SeSaeR and SaSaeR share 85% identity. The difference in the DBDregion is concentrated at the N-terminal b-sheet, where the
sequence identity is only 50% (Fig. 2(C)). As a result, the head-to-tail
arrays formed by DBD in the crystals show slight variations in the
contact areas and the orientations of helix a3, which may
contribute to the single-nucleotide difference in their sequence
preferences. The precise DNA-binding mode nevertheless awaits
further characterization.
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